Recommendations for vitamin A intake and liver stores are based on maintaining normal vision. We propose that higher levels may be required to maintain normal innate immune function. To test this hypothesis, we conducted an 8-wk residential study among 36 healthy Bangladeshi men with low vitamin A stores. Subjects were randomized to receive vitamin A (240 mg in 4 doses) or placebo during study wk 2 and 3. They received 2 vaccines during wk 5 and vitamin A stores were estimated by isotopic dilution at wk 8. The serum concentration of the chemokine interferon-g-induced protein 10, a component of T-helper 1 (Th1) response, increased significantly after supplementation and was positively and significantly associated with vitamin A stores. Blood concentrations of natural killer (NK) and NK T-cells, which have anticancer and antiviral activity, were positively associated with stores (P , 0.05), as was monocyte oxidative burst (P , 0.05), a marker of bacterial killing ability. However, serum interleukin (IL)-6 and IL-17, cytokines that regulate the antibacterial Th17 response, were significantly and negatively associated with stores, as was production of the regulatory cytokine IL-10 by whole-blood cultures stimulated with bacterial lipopolysaccharide. In summary, vitamin A stores were positively associated with several measures of innate immune activity across a broad range of stores, suggesting that vitamin A enhances protection against diverse pathogens even at concentrations above those needed to maintain normal vision. The negative association of stores with serum IL-6 and IL-17 suggests that not all protective responses are similarly enhanced by vitamin A.
Introduction
Several aspects of innate immunity are compromised by clinical and subclinical vitamin A deficiency. Vitamin A is essential in maintaining the integrity of the epithelial barrier, the first line of defense against many infections. Vitamin A also modulates monocyte and granulocyte development and transcription of cytokines involved in inflammation (1) . In vitro experiments and animal studies suggest the important regulatory role of vitamin A in myeloid cell differentiation and function (2, 3) . Vitamin A supplementation enhanced phagocytic activity and the production of reactive oxygen by Kupffer cells and monocytes in vitamin A-sufficient rats (4) and restored normal phagocytosis and generation of reactive oxygen by neutrophils in vitamin A-deficient rats (5) . Several rodent studies have also demonstrated that vitamin A deficiency decreases natural killer (NK) 7 cell number and lytic activity (6, 7) . In vitro experiments show that retinoic acid, the active metabolite of vitamin A, inhibits lipopolysaccharide (LPS)-induced tumor necrosis factor-a (TNFa) production (8, 9) while enhancing interleukin (IL)-1b (8, 10) responses in monocytes and macrophages.
Human studies of vitamin A and innate immune function are limited and most investigated cytokine response as an indirect measure of monocyte and macrophage functions. Vitamin A supplementation among patients with common variable immune deficiency with low serum retinol concentrations resulted in increased IL-10 and decreased neopterin (a metabolic product of activated macrophages) and TNFa in plasma, although a parallel control group without vitamin A intervention was not included (11) . In contrast, a vitamin A supplementation trial in pregnant women at risk of deficiency showed an increased index of inflammation measure by mitogen-induced interferon-g (IFNg)/ IL-10 and TNFa/IL-10 ratios during pregnancy and postpartum (12) , although these cytokines may have been produced by T lymphocytes rather than cells of the innate immune system. Vitamin A supplementation does not affect markers of the acute phase responses such as C-reactive protein (CRP), serum amyloid A, and a1-acid glycoprotein (AGP) among children at risk of vitamin A deficiency (13) as well as children with documented subclinical or clinical vitamin A deficiency (14) , although serum retinol concentrations are often lower in children with an active acute phase response, as recently demonstrated (15) . Even though the effects of vitamin A supplementation on innate immunity are not well described from human studies, meta-analysis has shown that vitamin A supplementation leads to reduced child mortality (16) (17) (18) , suggesting that vitamin A may improve innate immune function, the first line of defense against pathogenic microorganisms.
Serum retinol has limitations as an indicator of vitamin A status, particularly when liver stores are adequate, and in such situations, assessment of vitamin A stores using stable isotope dilution is the best approach to assessing vitamin A status (19) . To our knowledge, immune function has not been used in a human study to assess ''adequacy'' of vitamin A stores, although immune function clearly is responsive to vitamin A status. We hypothesized that liver vitamin A stores above the minimum recommended concentration of 0.070 mmol/g used to establish the recommended dietary allowance (RDA) based on maintenance of retinal function (20) may be needed to maintain innate immune function. We also postulated that these responses might correlate with vitamin A stores at low vitamin A concentrations and that a threshold might be present where markers of immune function would no longer improve, thus forming a plateau in a dose-response analysis. This ''break point'' in a dose-response curve might be useful in defining a future RDA for vitamin A based on maintenance of innate immune function. To test this hypothesis, we conducted a controlled dietary study that provided recommended concentrations of all major micronutrients and energy (except vitamin A) and used high-dose vitamin A supplementation in a double-blind, randomized, placebo-controlled trial in which we estimated the total body vitamin A pool size by deuterated-retinol-dilution technique (19) . We also used immunization to induce a low-level inflammatory response during the study. A previous manuscript describes the effect of vitamin A on the adaptive immune response to immunization (21) .
Materials and Methods
Study site and subjects. This study was carried out at the International Centre for Diarrheal Disease Research, Bangladesh (ICDDR,B); Dhaka, Bangladesh. The Institutional Review Board of the University of California, Davis and the Ethical Review Committee of ICDDR,B approved the study procedure. All participants provided informed written consent. Recruitment for the study has been described (21) . Briefly, 36 healthy men (20-30 y of age) were recruited based on having low serum retinol (all were ,1.22 mmol/L) and normal CRP (,5 mg/L). These criteria were used because an earlier study involving 1 of the present authors (19) demonstrated that the men recruited in this fashion had liver vitamin A stores near the minimum concentration used to define the RDA for vitamin A (0.070 mmol/g). Subjects also had normal clinical chemistry and hematology values, as described. Subjects lived near ICDDR,B during the study and came to the ICDDR,B grounds to stay at the Advanced Biomedical Research Unit for 12 h/d, 7 d/wk, where they received and consumed all meals during the 2-mo residential study period.
Study diet. A low-vitamin A basal diet modeled on the traditional Bangladeshi diet that provided ;40 mg/d retinol equivalent was used in this study, as described (21) . The basal study diet complied with the RDA for total energy, other major vitamins, and minerals as evaluated from the unenriched single food items from the USDA and Bangladeshi nutrient databases as described previously (21) . At the end of the study, all subjects were supplemented with 1 high dose (60 mg) of vitamin A.
Study design. The placebo-controlled, double-blind, randomized intervention trial was conducted sequentially in 2 phases between May and October 2005 (18 subjects per residential phase). Briefly, participants received the proscribed diet for a 1-wk stabilization period (d 1-7) and were then randomized to receive vitamin A (4 3 60 mg retinol equivalent) or placebo (corn oil) (d 7, 12, 17, and 22 Serum retinol and vitamin A reserves. Serum was stored at 280°C for the measurement of retinol by HPLC as described previously (22) . Total body vitamin A pool size was estimated quantitatively by using the deuterated-retinol-dilution technique and the equation described by Furr et al. (23) . The vitamin A concentration in liver was estimated as described (21) .
Immunophenotyping of cells in whole blood. A multitest 4-color reagent kit with Trucount tubes (BD Bioscience) was used to determine the absolute counts (per liter of whole blood) of NK (CD3-CD161CD561) and NKT (CD31CD161CD561) cells in a 4-color flow cytometer and CELLQUEST software (FACSCalibur; BD Bioscience). Absolute counts of neutrophils, monocytes, and eosinophils were obtained from the complete blood count report using Excell 22 Hematology Analyzer (DANAM).
Whole blood oxidative burst assay. Oxidative burst activity of monocytes and granulocytes was assessed by flow cytometry to measure the intensity of redox indicator dye di-chloro-fluorescence di-acetate (DCF-DA) as described earlier (24) . DCF-DA, a nonfluorescence compound, can diffuse through the cell membrane. Activated monocytes and neutrophils generate reactive oxygen species (ROS) that react with DCF-DA to produce DCF, which is trapped inside the cell and emits fluorescence. Thus, the intensity of DCF is an indirect measure of the concentration of ROS generated in a cell following activation. In this experiment, DCF-DA (Sigma) was added into 100 mL heparinized blood at a final concentration of 200 mmol/L and incubated in a water bath for 30 min at 37°C in the dark. Phorbol-myristate-acetate (PMA) at 50 mg/L or 1 3 10 7 Escherichia coli (ATCC no. 8739; Molecular Probes) or PBS as negative control was added and incubated for another 30 min. Samples were then placed on ice, washed twice with ice-cold PBS, and RBC were lysed by ammonium chloride solution. For analysis, 50,000 cells were colleted in a flow cytometer and DCF signals were detected in the green-fluorescence (FL1). CELLQUEST software was used to identify monocytes and granulocytes by FS-SS gating. Percentage of DCF responder and geometric mean fluorescence intensity (MFI) of the gated individual cell populations were estimated.
Whole blood phagocytosis assay. Phagocytic activity of monocytes and granulocytes was measured by flow cytometry as described previously (24) . Briefly, 1 3 107 fluorescein isothiocyanate (FITC)-labeled E. coli (Molecular Probes) were added into 100 mL heparinized blood and incubated in a water bath for 30 min at 37°C in the dark. Samples were kept on ice and an equal volume of ethidium bromide (EtBr) (Invitrogen) was added to a final concentration of 200 mmol/L. EtBr acts as quenching agent that converts the green fluorescence of nonphagocytosed, FITC-labeled E. coli into red fluorescence while internalized E. coli remains green (25) . The concentration of EtBr was preoptimized by evaluating the intensity of FL1, red-fluorescence, and EtBr fluorescence in the phagocytic cells with and without varying concentrations of EtBr. Cells were washed twice with ice-cold PBS and RBC were lysed by ammonium chloride solution. For analysis, 50,000 cells were colleted in a flow cytometer and FITC signals were detected in the FL1. CELLQUEST software was used to identify monocytes and granulocytes by FS-SS gating. Percentages of FITC responder and geometric MFI of the gated individual cell populations were estimated.
Whole blood LPS-induced inflammatory cytokine assay. LPSinduced inflammatory cytokine assay was carried out as described previously (26) . Briefly, 20% whole blood, diluted in 3000 USP/L heparin (BD Bioscience) containing Russ-10 media (27) was stimulated by LPS from E. coli 0111:B4 (Sigma) at a final concentration of 1 mg/L for 24 h at 37°and 5% CO 2 . Cell culture was carried out in 24-well, clear, flat-bottom ultra-low-attachment plates (Corning) that had eliminated any nonspecific activation of blood monocytes through plastic adherence. Cell-free culture supernatant was collected and stored in 1% protease inhibitor cocktail at 280°C. The inflammatory cytokine markers IL-1b, IL-12p40, TNFa, IL-10, IL-6, and IL-8 were measured by multiplexed luminex assay technology in Bio-Plex system (Bio-Rad Laboratories).
Serum cytokine, chemokine, and acute phase protein assay. Serum IFNg-induced-protein 10 (IP10; also termed CXCL10, also known as CCL11), Eotaxin, IL-6, IL-17, and TNFa were measured by multiplexed Luminex assay technology in Bio-Plex system (Bio-Rad Laboratories). Serum CRP was measured by solid-phase chemiluminescent immunometric assay with Immulite analyzer (Diagnostic Products) and AGP was measured by immunoturbidimetric assay using a kit (Kamiya Biomedical) and the Hitachi 902 Automatic Analyzer (Roche Diagnostics). Serum neopterin was measured using an EIA kit (Alpco Diagnostics) according to the manufacturer's instructions.
Statistical analysis. Descriptive frequencies of the study variables were analyzed to assess data validity, distributions, and assumptions of normality and equal variance. Log 10 transformations of data were made where needed. Statistical analyses were done in SigmaStat 3.1 (Systat Software) and SPSS 13.0 for windows (SPSS). As previously discussed (21) , vitamin A pool size estimates were unreliable for 3 subjects. Data from these 3 subjects were not used in the analysis where the estimated total body vitamin A pool size was used (i.e. correlation and regression analyses). ANCOVA was used for comparisons between groups after supplementation, in which center-transformed presupplementation values were used as covariates. Two-way repeated-measures ANOVA and the post hoc test Holm-Sidak procedure were used for pair-wise multiple comparisons to compare vaccine-induced serum immune responses. Post hoc test was applied when study groups, days, or their interactions significantly differed. A between-groups comparison was done by Student's t test. The overall significance level of these tests was set at ,0.05.
Spearman rho correlation analysis was used to determine whether individual immune response variables were associated with vitamin A stores. Two-phase segmental linear regression was used to estimate the relationship between liver vitamin A concentration and functionally similar clusters of immune response variables and to identify possible ''break points'' at which 2 different regression lines with significantly different intersected slopes. Functionally similar immune responses were converted to Z-scores (mean of 0, SD of 1) and grouped together into the same regression. Our initial hypothesis was that a positive slope in the first line would be seen below the postulated break point at 0.070 mmol/g, the current recommendation for minimum adequate liver vitamin A stores, and this positive slope in the first line would continue to appear above 0.070 mmol/g to reach a critical point for starting a plateau phase (2nd line), i.e. additional increases in liver vitamin A stores would no longer contribute to ''improved'' immune function. Initial analysis revealed no such significant slope in the first line at liver vitamin A concentrations , 0.070 mmol/g, whereas significant positive slopes in the 2nd line (i.e. $0.070 mmol/g) were identified. In the further analysis, break-point was restricted to .0.070 mmol/g and under this condition, 2 line segments intersected at an unknown point that represented significant change in immune response to ensue above the current recommendation for liver vitamin A storage. Clusters used in this analysis were: 1) E. coli-induced oxidative burst and phagocytic activity of both monocytes and granulocytes; 2) LPS-induced whole blood proinflammatory cytokine responses (IL-1b, TNFa, IL-6, and IL-8); 3) serum acute phase responses (TNFa, IL-6, CRP, AGP, and neopterin); 4) absolute counts of NK and NKT cells per liter of whole blood; and 5) serum inflammatory cytokine (IL-17 and IL-6) responses involved in the generation of antiinflammatory (T regulatory cell) and proinflammatory (Th17 cell) T-cell in adaptive immunity. We used GraphPad Prism 5 for Windows (GraphPad Software) for this analysis.
Results
Baseline characteristics. The age of study subjects in the low and high VA groups was 24.3 6 2.70 and 23.5 6 3.05 y, respectively, and the BMI for each group was 19.7 6 1.6 and 19.7 6 1.8 kg/m 2 , respectively. Subjects had normal hematological measurements at baseline. These data have been reported previously (21) .
Vitamin A status. Serum retinol at baseline did not differ between the intervention (1.49 6 0.37 mmol/L) and control groups (1.52 6 0.39 mmol/L). Vitamin A status improved following supplementation as indicated by increases in serum retinol and whole body vitamin A stores, as previously reported (21) . The range of estimated liver stores in the low VA group was 0.077-0.084 mmol/g and in the high VA group it was 0.070-0.286 mmol/g. Cellular responses. The concentrations of innate immune cell types in peripheral blood were comparable in the 2 groups before supplementation and did not change significantly after supplementation (Table 1) . Similarly, functional indicators of monocyte and granulocyte activity did not differ at baseline and did not change significantly after supplementation ( Table 2 ). The concentration of monocytes, NKT cells, and NK cells in peripheral blood (Table 1) , the oxidative burst activity (PMA induced ROS) of monocytes, and the phagocytic activity (for E. coli) of neutrophils (Table 2) all decreased significantly over time in both groups.
In contrast to direct comparisons made between the low and high VA groups, there were significant associations between vitamin A stores and several dependent variables using regression analysis. Total body vitamin A pool size correlated positively with absolute numbers of NK cells (r ¼ 0.378; P , 0.05) and marginally with NKT cells (r ¼ 0.242; P ¼ 0.08) (Fig. 1A) . Pool size also correlated positively with 2 measures of monocyte activity, oxidative burst in response to PMA at 50 mg/L (r ¼ 0.293; P , 0.05) and 1 3 10 7 E. coli (r ¼ 0.304; P , 0.05) as determined by the production of ROS measured indirectly by DCF fluorescence (Fig. 1B) .
LPS-induced proinflammatory cytokine secretion by whole blood cultures. Cytokine secretion did not differ between the low and high VA groups at baseline although the high VA group tended to secrete less IL-6 (P ¼ 0.12). Cytokine
Vitamin A stores and innate immune responses 379 secretion did not change as a result of supplementation (Supplemental Table 1 ). However, vitamin A pool size correlated positively with the LPS-induced proinflammatory to antiinflammatory cytokine ratio, TNFa/IL-10 (r ¼ 0.331; P , 0.05), and correlated negatively with IL-10 (r ¼ 20.285; P , 0.05) (Fig. 1C) .
Serum markers of immune activation. Serum cytokine, chemokine, acute phase protein, and neopterin concentrations did not differ between the groups at baseline and most (5 of the 8 tested) did not change after supplementation. However, TNFa and IP10 both decreased in the low VA group but not the high VA group (P , 0.05). In contrast, the serum IL-6 concentration tended to decrease in the high VA compared to the low VA group (P ¼ 0.08) ( Table 3) .
The serum TNFa concentration decreased by 18% in the low VA group but did not change in the high VA group after supplementation, suggesting that vitamin A supplementation blocked a decrease that would have occurred without supplementation. At 1 wk after supplementation, vitamin A pool size and serum TNFa tended to be positively correlated (r ¼ 0.278; P ¼ 0.06) (Fig. 1D) . Serum TNFa and other markers of innate immunity were also measured 1 and 4 wk after immunization to gauge the effect of vitamin A supplementation on the response to the TT and YFV vaccines. In contrast to the positive association of vitamin A with serum TNFa prior to immunization, serum TNFa increased significantly 1 wk after immunization in the low VA group but not in the high VA group and then returned to baseline concentrations 3 wk later (Fig. 2) . There was no such increase in the high VA group, suggesting a differential impact of vitamin A on basal compared with stimulated TNFa in these subjects.
The serum IP10 concentration did not differ between the low and high VA groups on d 7, before supplementation (Table 3) . However, by d 29 (1 wk after supplementation), serum IP10 had decreased by 29% (P , 0.05) in the low VA group (Table 3) , resulting in a difference with the high VA group (P , 0.05; Table 3). Vitamin A pool size and serum IP10 were positively correlated (r ¼ 0.402; P , 0.05) 1 wk after supplementation (Fig. 1D ). IP10 increased significantly in both the high and low VA groups 1 wk after immunization (Fig. 2) and concentrations tended to remain elevated in the high compared with the low VA group after 1 mo immunization (P ¼ 0.09). Thus, improving vitamin A status significantly increased serum IP10 concentration, although both groups responded with transient increases following immunization.
The serum IL-6 concentration did not change significantly in the low VA group between d 7 and 29 (15% increase) but decreased by 67% in the high VA group over the same period, resulting in a difference between the groups that was marginally significant (P ¼ 0.08) after supplementation (Table 3) . Vitamin A pool size and serum IL-6 tended to be negatively correlated (r ¼ 20.261; P ¼ 0.07) (Fig. 1D) . The serum IL-6 concentration increased after immunization in the high VA group (Fig. 2) .
Significant changes in serum IL-17 were not seen as a result of supplementation or in association with immunization (Table 3 ; Fig. 2) . However, vitamin A pool size and serum IL-17 were negatively correlated (r ¼ 20.301; P , 0.05) (Fig. 1D) .
The high and low VA groups did not differ in serum eotaxin, CRP, AGP, and neopterin, and there were no significant associations with vitamin A stores (Table 3 ; Figs. 1 and 2 ). Serum eotaxin decreased transiently after immunization (P , 0.05), as might be expected for a chemokine associated with the Th2 response, whereas serum neopterin increased after immunization (Fig. 2) , consistent with increased macrophage activation that would be present in a Th1 response to a live-virus vaccine.
Association of innate immune response with liver vitamin A stores: segmented linear regression. Simple linear regression and break-point regression analyses were performed with groupings of similar immune response variables to characterize associations with estimated liver vitamin A stores and to identify inflection points in these associations that might indicate a critical value of liver vitamin A stores for maintaining immune function. Only one such break-point was detected at 0.070 mmol/g in the association between liver vitamin A stores and measures of phagocyte activation (Z-score-normalized, E. coliinduced oxidative burst and phagocytic activity of monocytes and granulocytes) (Fig. 3A) . There was a significant, positive association above the break-point [slope (b) 6 SE ¼ 1.19 6 0.54; P , 0.05] but not below. No linear associations or breakpoints were detected for LPS-induced whole blood proinflammatory cytokine responses (IL-1b, TNFa, IL-6, and IL-8) or serum markers of inflammation (TNFa, IL-6, CRP, AGP, and neopterin). However, Z-score-normalized absolute numbers of NK and NKT cells when grouped together had a positive relationship [slope (b) 6 SE] (0.64 6 0.28; P , 0.05; Fig. 3B ) with liver stores, whereas Z-score-normalized serum IL-6 and IL-17 examined together had a significant negative relationship ([slope (b) 6 SE] (20.78 6 0.27; P , 0.01; Fig. 3C ) with liver vitamin A stores. No break-points were seen in these latter 2 analyses.
Discussion
RDAs are defined as the level of intake that will prevent signs of deficiency in ;97.5% of the population. For this purpose, vitamin A ''deficiency'' has been defined as diminished retinal sensitivity to light (20) . However, immune function is also affected by vitamin A status (1) and might be used to define a different RDA for vitamin A, one to prevent immunodeficiency. A difficulty with this approach is that there are many ways to measure immune function, as recently discussed (28) . Thus, one might find different associations of vitamin Awith immune function depending on the immunologic indicator selected for analysis.
In the present study, we have examined the effect of vitamin A status on innate (reported here) and adaptive (reported previously) immune function (21) using 2 approaches. First, we identified changes within treatment groups (i.e. vitamin A vs. placebo) before and after supplementation. This approach is useful for identifying the effect of the intervention but has the disadvantage of considering vitamin A status as a bimodal variable. For this reason, we also assessed vitamin A status using stable isotope dilution to have a continuous variable reflecting vitamin A stores for each individual. This approach is also useful, because it provides a means to compare our data to the RDA, which uses a value of 0.070 mmol/g for liver vitamin A stores to define the RDA (20) . Estimated liver stores for subjects in the present study ranged from 10% (0.007 mmol/g) to 400% (0.286 mmol/g) of this target concentration.
The present study found a significant, positive correlation between vitamin A stores and peripheral blood NK cells and a similar, marginally significant association for NKT cells. Our data agree with previous observations that vitamin A supports NK cell number and function (6, 7, 29, 30) . NK cells develop in the bone marrow and have diverse biological activities, being particularly important to human health for their anticancer activity and ability to identify and kill virus-infected cells before the development of an adaptive immune response (31) . NKT cells also have anticancer activity (32) . It is thus plausible that the increased risk of cancer with vitamin A deficiency may result at least in part from immunodeficiency rather than solely from a direct effect on cancer cells (33) . In addition, treatment of some viral infections, particularly measles (34), with vitamin A improves clinical outcomes and augmented NK protection could be responsible. However, vitamin A supplementation does not always improve outcomes associated with viral infections (35, 36) . Further studies to confirm and evaluate the effect of vitamin A on NK and NKT cell function in humans are needed to expand the current findings.
Whereas a significant association of vitamin A stores with monocyte or granulocyte numbers was not seen in the present study, although animal studies suggested that such differences might be found (37, 38) , there was a positive association between vitamin A stores and production of reactive oxygen by stimu- lated monocytes. This finding is consistent with a study that found a lower production of reactive oxygen in vitamin Adeficient than control rats and also found that this defect was corrected with vitamin A supplements (5) . The implication of these findings is that vitamin A may improve bacterial killing by activated monocytes.
Interestingly, although there was a break-point in the association of vitamin A stores with production of reactive oxygen, the slope was greater above 0.070 mmol/g, suggesting improvement above the current threshold set for the determination of the RDA. This was also the pattern for measures of adaptive immunity previously reported from this study (21) . In addition, the positive association of vitamin A stores with NK and NK T-cell showed a positive association across the entire range of vitamin A stores in the present study. Together, these findings suggest continued ''improvements'' in immune function with continuing increases in vitamin A stores above the cut-off level used for defining the RDA. The absence of a break-point and plateau for all of these measures of immune function was unexpected and contrasts with the underlying assumption for determining the RDA that postulates a threshold will be reached where a deficiency disease is ''cured'' and nutritional status becomes ''adequate.'' This observation suggests that a different approach may be needed in using immunologic endpoints for evaluating nutritional status.
In this study, we measured serum concentrations of molecules that mediate communication between cells of the immune system. One of these molecules is the chemokine IP10, which is induced by IFNg-producing Th1 cells in many cell types (39) (40) (41) . Serum IP10 increased in response to vitamin A supplementation and was positively associated with liver vitamin A stores. The magnitude of this increase is biologically important, because immunization with the TT and YFV vaccines, which induces significant immune activation, increased serum IP10 by a similar amount in these subjects. Elevated serum IP10 concentrations are seen in Yellow Fever patients (42) and the IP10 response in this study may be due largely to the Th1-inducing effects of the live-virus YFV vaccine (43, 44) , although a role for the inactivated TT vaccine is also plausible. The increased serum IP10 in the high VA group is interesting, because, in addition to being a chemotactic factor for inflammatory cells, IP10 also promotes IFNg responses by Th1 cells (45) . This finding supports our previous observation that normal vitamin A status helps promote a Th1 response relative to the response in deficient mice (46) . Conversely, several studies showed that vitamin A promotes Th2 and inhibits Th1 responses (1, 27) . Differences in findings among studies may indicate that vitamin A can have differing effects on T cell endpoints depending on the nature of the underlying innate immune response that is driving T-helper (Th) cell development.
IL-6 is a proinflammatory cytokine that can promote the development of Th17 cells, which protect against extracellular bacterial infections and promote autoimmune inflammation in animal studies (47) . In the present study, the high VA group had marginally lower serum IL-6 (P ¼ 0.08). Vitamin A stores tended to be negatively associated with IL-6 (P ¼ 0.07) and were negatively associated with IL-17 (P , 0.05). In addition, normalized serum IL-6 and IL-17 concentrations analyzed together were negatively associated with vitamin A stores (P , 0.005). This result is reminiscent of recent animal studies showing that retinoic acid inhibits the generation of Th17 (which produce IL-17) cells by IL-6 (48, 49) . These findings suggest that vitamin A may diminish Th17 development in humans, which suggests that high dietary vitamin A could decrease the risk or severity of autoimmune disease but also suggests that Th17-mediated protective responses (e.g. against Klebsiella pneumoniae and Candida albicans) might also be diminished (47) . In vivo data from human or mouse studies would be needed to evaluate these possibilities and illustrate the balance between protective and destructive responses mediated by the immune system. Such factors need to be considered when evaluating the impact of nutritional interventions on infectious and chronic diseases in human populations.
IL-10 is a regulatory cytokine that diminishes the development of proinflammatory immune responses, including responses mediated by both innate and adaptive immune cells (50) . A negative correlation (P , 0.05) was seen between vitamin A stores and LPS-stimulated IL-10 from whole-blood cultures, presumably representing TNFa production primarily by innate immune cells stimulated by LPS. This finding is reminiscent of results from the present study showing a similar negative association of vitamin A stores with TT-specific IL-10 production by T cells (21) and a mouse study in which vitamin A deficiency increased the number of IL-10-producing T cells (46) . Overproduction of IL-10 could thus represent a mechanism by which vitamin A deficiency downregulates or impairs some immune responses.
TNFa is a proinflammatory cytokine produced by macrophages as well as Th1 cells (51) . Serum TNFa did not change following vitamin A supplementation in the present study, although the placebo group decreased. Vitamin A stores and the LPS-stimulated TNFa:IL-10 ratio were significantly and positively correlated. This proinflammatory:antiinflammatory ratio was examined because it is a useful way to represent the balance between such responses and because a previous study reported a marginally significant increase in this ratio as a result of vitamin A supplementation in a human intervention trial using data from whole blood cultures stimulated with a T-cell mitogen (phytohemaglutinin) (12) . Whereas these previous data suggest that vitamin A supports production of TNFa, perhaps by supporting the Th1 response, in vitro studies show that retinoic acid suppresses LPS-induced TNFa production in murine macrophages (8, 52, 53) as well as cord blood mononuclear cells (54) . In agreement with these findings, serum TNFa significantly increased after immunization in the low VA group but not in the high VA group, perhaps as a result of stimulation of innate immune cells via toll-like receptors by components of the livevirus YFV vaccine. The reason for these different results is not clear, but results from the present study are consistent with vitamin A enhancing TNFa production by Th1 cells and suppressing TNFa production by innate immune cells. Further work is needed to evaluate this supposition and its impact on disease resistance. Neopterin is produced by activated macrophages and our results showing an increase in neopterin after TT and YFV immunization are consistent with other observations after YFV immunization (55) . This is also consistent with the postvaccine increase in the Th1 chemokine IP10 in this study, as well as the mirror-image decrease in eotaxin, a Th2 chemokine. Although these responses were not associated with vitamin A status, they do show the value of examining serum markers of immune activation in conjunction with immunization to examine the effect of nutritional status on innate immune function.
In conclusion, this study shows that vitamin A stores are associated with higher circulating concentrations of NK cells, which protect against viral infections and kill cancer cells, higher production of ROS by stimulated monocytes, which suggests greater protection against bacterial infections, higher serum concentrations of the chemokine IP10, which may indicate a greater potential response to pathogens that elicit Th1 responses, and lower serum IL-6 and IL-17 concentrations, which suggest a lower potential response to pathogens that elicit Th17 responses. This study also indicates that the effect of vitamin A stores on these responses extends above the 0.070 mmol/g threshold for maintenance of normal retinal function and these associations do not exhibit an obvious threshold. These findings suggest that vitamin A status may need to be considered as a continuous variable when thinking about the role of the immune system in resisting infection or mediating chronic inflammatory disease, rather than as a discrete variable where status is either deficient or adequate. Although these studies were conducted in adults, similar effects may be seen in infants and young children, but age-specific factors (e.g. immune system maturity and breast-feeding status) may modify the effect of vitamin A supplementation in infants and young children. 
